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FUNCTIONAL ROLE AND THERAPEUTIC IMPLICATIONS OF NEURONAL 
CASPASE-1 AND -3 IN A MOUSE MODEL OF TRAUMATIC SPINAL CORD INJURY 

M. LI * V. 0. ONA,* M. CHEN,* M. KAUL.tl L. TENNETI,t* X. ZHANG,§ P. E. STIEG,* S. A, LIPTONt? and 

R. M. FRIEDLANDER* || 

*Neuroapoptosis Laboratory and Neurosurgical Service, Department of Surgery, tCcrebrovascular and Neuroscience Research Institute, 
and §Cardiovascular Division, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, 

Boston, MA 02115, USA 

Abstract — Evidence indicates that both necrotic and apoptotic cell death contribute to tissue injury and neurological dysfunction 
following spinal cord injury. Caspases have been implicated as important mediators of apoptosis following acute central nervous 
system insults. We investigated whether caspase-1 and caspase-3 are involved in spinal cord injury-mediated cell death, and 
whether caspase inhibition may reduce tissue damage and in^rove outcome following spinal cord injury. We demonstrate a 17- 
fold increase in caspase-1 activity in traumatized spinal cord samples when compared with samples from sham-operated mice. 
Caspase-1 and caspase-3 activation were also detected by western blot following spinal cord injury, which was significantly 
inhibited by the broad caspase inhibitor /V^-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone. By immunofluorescence or in 
situ fluorogenic substrate assay, caspase-1 and caspase-3 expression were detected in neuronal and non-neuronal cells following 
spinal cord injury. //-Benzyloxycarbonyl-Val-AIa-Asp-fiuoromethylketone treated mice, and transgenic mice expressing a caspase- 
1 dominant negative mutant, demonstrated a significant improvement of motor function and a reduction of lesion size compared 
with vehicle-treated mice. 

Our results demonstrate for the first time that both caspase-1 and caspase-3 are activated in neurons following spinal cord injury, 
and that caspase inhibition reduces post-traumatic lesion size and improves motor performance. Caspase inhibitors may be one of 
the agents to be used for the treatment of spinal cord injury. © 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved. 

Key words: apoptosis, ICE, zVAD-fmk, intcrleukin-lp, neuroprotection. 
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In the United States, there are 183,000-230,000 people 
surviving with disabilities resulting from spinal cord injury 
(SCI) with approximately 10,000 new cases occurring each 
year,* More than half of SCI survivors cannot return to their 

normal life.^ This disappointing prognosis results in part due 
to the poor understanding of the mechanism mediating 
secondary degeneration. Neurological damage after acute 
SCI results from both the primary mechanical injury as well 
as the subsequent activation of cell death cascades mediating 
delayed tissue damage,^ The primary injury results from 
actual mechanical tissue disruption, as well as necrotic cell 
death. Secondary degeneration results from a cascade of 
events triggered by the injury, resulting in activation of 
endogenous cell death pathways.'*-^ High dose steroids, the 
widely used treatment for SCI, target many mediators of 
secondary degeneration, but outcome remains disappointing.^ 
Reports have identified apoptosis or progranuned cell death as 
an important component contributing to tissue damage 
following SCI in rats, monkeys, as well as himians/'^''"*^ 
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acid; TUNEL, TdT-mediated dUT? nick-end labeling; zVAD-fmk, ^- 
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone. 



Apoptotic cell death has been detected up to three weeks 
following SCL* Since apoptosis is a tightly regulated process, 
this finding provides the opportimity to manipulate apoptotic 
pathways for the treatment of SCL 

The critical role of the caspases in apoptosis is well 
known. "'^^ Caspase-1 [interieukin-lp converting enzyme, 
(ICE)] has been implicated as a critical mediator of apoptosis 
following both acute CNS insults (ischemia and trauma) as 
well as models of chronic neurodegeneration (amyotrophic 
lateral sclerosis, Parkinson's disease and Huntington's 
disease)."'*' In these animal models, caspase-1 activation 
has been demonstrated, and caspase inhibition not only 
reduced tissue damage, but also resulted in improved neuro- 
logical function."'*^ Caspase-3 activation has also been demon- 
sdrated in ischemia and trairaia as well as in htunans following 
j5(-.j 9.10,20,21 Significant insight regarding in vivo neuronal cell 
death has been generated using a transgenic mouse expressing a 
caspase-1 -dominant negative mutant The transgene is 
caspase-1 with its active site cysteine (C285) substituted for 
a glycine (M17Z), The caspase-1 mutant is an effective 
caspase-1 -dominant negative inhibitor (and possibly of other 
caspase family members). The neuron-specific enolase pro- 
moter targets transgene expression to neurons, oligodendro- 
cytes, and astrocytes (NSE-MnZ).^'^'^^'^^ Using this mouse, 
as well as a pharmacologic approach to inhibit caspases, we 
investigated whether caspase-1 and caspase-3 are activated 
following SCI, and if their inhibition would reduce post- 
traimiatic lesion size and improve neurological recovery. 

EXPERIMENTAL PROCEDURES 

Spinal cord injury model 
A total of 1 10 mice (20-25 g) of the C57BU6 strain (Jackson Lab, 
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Bar Harbor, ME, USA). orNSE-Ml7Z mice and wild-type littermates 
which we generated m a C57BU6 background, were us^d in Sud^' 
Transgenic mice were genotyped as previousi; described " AJI eS 
were made to minimize both suffering and nurnber of iuSmals™/S 
KT*^ procedures were in accordance with proto^ apjivw^ 

n 5* .^mw ""J:?- '"^''T °f 2.2,2-tribromoethanol (0.02 t^Tf 
ohI . i^""'^ After the depth of anesthesia was 

adequate, the mouse was placed prone in a modified spinal ste^^ta^^ 
apparatus with vertebral column fixation under a ster^S^,^ 
The Stan was shaved and decontaniinated. A 15-20-mm Sne^nd ' 
s.on was n^de and the T7-T12 levels were expSSTSiv 

^nH V.n""f''''^"°" weight-drop method." Briefly, Vt^ TO 

and TIO laminectomy was made with a high-speed micro drill' 
(Harv^d apparatus, Inc. Hollislon, MA, USA) and a micro^ngeu 
CFme Science Tools, Inc. Foster City, CA. USA) FoUow^g he lS 
ectomy, a window over the dura of at least 1.6 mm in diameter^as 
made to accommodate a s^ess steel impact rod witS a d^^ 

removed though the window for better drug penetration Two hori 
ThT °l *f ''^'^^^'^ fr'^^e were Jed for vei^ebral colZi 

tZu A stereotactic frame held the cylinder supporting the 

weight rod, which was raised 10 mm above the dura and droppedlmo 
Uie spinal cord at the T9 level. Following trauma, mice weSoi^y 
Ala^iir W iV-benzyloxycarbo™': 
Se ?DMSoXTf7F^''°"" UVAD-fmk) or vehicle [dimethylsulfox- 
lOe (DMSO) 0 4%] (Enzyme Systems. Livermore. CA. USA) A piece 
of surgical gelfoam (2x2x6 mm^) presoaked in 10 n-l of zVAD^ 
O0M,g) or vehicle was placed over the contused spinal cord. The 

kem onr^vor " """^ 'Tf •^"^"8 '""^^y. ™ce were 

kept on a 37 C warming blanket, and after suige^ recovered in a 37°C 
incubator unul fully alert. Hie bladder was nSnGally expressed^^ 
M wi" bladder control. Animals had fi^ ac^ 

^^iT^^^'- ^ equivalent in the NSE-M 17Z 
and wild-type mice, with all the mice receiving vehicle treatmm. 

TdT-mediated dUTP nick-end labeling and immimohistochemistry 

NS&M17Z. zVAD-fmk or wild-type vehicle-n^ted mice were 
transMTdiacly perfused with 4% pLformaldehX^(nH 7 4^ ^ 

aS™nl^»'°"'''" '^T- TdT-mediated dUTP nick-end 
WDeling (TUNEL) assay was canned out using a Huorescein AiJODtosis 
Detection Kit (Promega. Madison, WI, USA) H^hst i^T42 

morphology Neurons were idenUfied using anti-neuronal nuclei 
(NeuN) antibody (Chemicon,Temecula,CA, USA) 



Mature imeiieukm-\fi delerminatton 

en^^'^nv^?"^""'^ ^P'P^ concentration was measured using an 

TsiS^h,T?°''^^'f '''y ^^^^^^ Minneapolis. 
MM. USA) which IS specific for mature IL-ip. Spinal cord tiTsue 

nntfr M • ^^AD-fmk or vehicle for 24 h after SQ or from sham- 
operated mice on which only a laminectomy and dural openkg w^e 

Western blot analysis 

sXe Solf'-inl^^T ^.'^ Ty'"'"'^' " ^°*um dodecyl- 
kWbUo^?PMSF^ "r"^'- P". '-^^^ ^"PPl^mented with proteie 
mhibitors (PMSF. leupeptin. pepstaan A, and aprotinin). Lysaies were 

^i^&^H r^"? ^fi*"" determined ising a prote n 

S^^^tw. f''"!"'' ^^J were loaded (50^g of 

protem/lane). electrophoresed on a 15% SDS-polyacrylamide eel 
electrophoresis (SDS-PAGE) gel. and blotted t^rSilo^P 
n^sfer membrane (MUlipore, Bedford. MA. USA). Blots we prSed 
with a monoclonal antibody against the caspase-1 p20 subumT(g™^r 

a^t the pl7 subunit of caspase-3 (generously provided by Anu 
Sruuvasan. Idun, U JoUa, CA. USA) and visuSized wUh 



(ASam).''''"''''^*'"'"^"^"'''* """"^^ by ECL 

DNA laddering 

RrfpflT*!,"^ according to published methods « 

l^^cnt^^^^"" mice receiving zVAD-fmk or v^Tcle 

incubated with proteinase K (100 ^g/mj). DNA^wa^ extract«i^v 
phenoVchlorofomi/amyl alcohol (25:24:1). precipr^ed S 70% 
ethanol and resuspended in TE buffer. lio sanil^^erTm^Z 
ri'TgeL"^ ^"P^^" «'-««'Ph?r«Ton aT5% 

prm "■^'^"'^'"^"■'"^'y caspase-Uike and caspase-i 

To demonstrate activation of caspase-3 in SCI-induced neuronal 
apoptosis we used an affinity-labeling technique wito Wou^vS^ 
AT-acetyl-Asp-Glu-Val-Asp-CHO (DEVD-CHO) ^MMOL 
Uboratones. Inc.. Plymouth Meeting PA Ti'S A-r ,7 J_^^ 
descried with some "^xUficationr-'^X.'nicSi:^^^^^ 

fol a CA uTa7 *i*,»,'i.-^P'«^3 antibody. CMl (Idu„ U 
Jolla CA. USA) and b.ollinylated-DEVD-CHO, sections were 
biSed^DE^^^^ (1:6000)' ov^r^t Tft^ 

oiotinylated-DEVD-CHO mcubation and followed by a l-h incubation 

cf USaI For2?f^^'' ^'-^S^' I-boratories bSJ^! 

PHn ^ with anti-NeuN and bioltinylated-DEVD- 

CHO. the secnons were incubated with anu-NeuN antibody (Chemicon 

33342ro^2 S^ii Vector Uboratories, CA. USA). Hoechst 
J JJ42 (0.2 M-g/ml, Molecular Probe, Eugene. OR. USA) was used for 
counteistainmg. DEVD-associated fluoLcence ws« i^u^^tog 

&TE^"?Hn"HT not ti^tt^'^^uTo! 

tmylated-pEVD-CHO did not display staining, indicating tiiat the 
cl^nl .'^^^ specifically detects conformationflly fctW^ 

''r'*™ P^^in^ubation with ulS 
Sm^r"^^ (300,iJVD gready reduced biotinylated-DEVD-associated 
cellular fluorescence. For caspase-1 protease detection soeciniem 
were incubated widi a monoclonal antibody against me cSH 
p20 subumt (generously provided by Dr Junying yZ) Tl llZtol 
and pmbed with biotinylated anti-rat immun4lobulin flowed bv 
jncubation in 1:1000 fluorescein avidin DCS for 1 h. TT,^ pSanti 
Ig^was eliminated m controls, which did not reveal a S^e 

Quantification cf apoptMic cells following spinal cord injury 

To quantitatively compare the extent of apoptosis following SCI in 
vehicle-treated zVAD-frnk-treated. and cas^e-l-domLTSve 

s^tions fro'^^TfT'''''''' ^""''"8 ™ TUNE^^d 
S wer^nh, H? *T «'°"P* (" = 3)- TTie sections (10,xra 
thick) were obtained from the epicenter and 3 mm rostral and caudS 

Behavioral assessment 

.H^i!! """"^'y '^"^ °» *ree different behavioral tests 

mouse'sa^m^'^u""''' f^"^" evaluatiW 
Xfnri,if^- • '"'^'"''"JS °P™ P^in withdrawal, and 
platform tests. Mice were evaluated on the day before sureei^ on 
post-surgical days 3 and 7, and weekly tbcrcafti f^Z^'S^'. 

Lesion size measurement 

On post-trauma day 28, animals were euthanized with isoflurane 
and tnmscardiaUy perfused with heparinized saline followed bM% 
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Fig. L Post-SCI neuronal apoptosis. (A-D) A traumatized spinal cord section at the lesion epicenter 24 h after SCI was stained with Hoechst 33342 (A), NeuN 
(B), and TUNEL (C); (D) is a superimposed image of (B) and (C). Yellow or orange cells in (D) (arrowheads) represent apoptotic neurons since they arc 
TUNEL- and NeuN-positive. Green cells in (D) most likely represent non-neuronal apoptotic cells since they do not stain for NeuN. Non-apoptotic neurons in 
(D) are red (arrow). These results demonstrate that post-SCI apoptosis occurs in both neuronal and non-neuronal cells. (E) Ethidium bromide-stained agarose 
gel demonstrates a DNA ladder from a vehicle-treated mouse (lane 3) at 24 h after SCI. Laddering was virtually undetectable in traumatized zVAD-fmk- 
treaied mice (lane 4) and was not visible in sham-operated mice (lane 2). Lane 1 shows 100-bp DNA ladder standard (this experiment was independently 

performed with three different sets of mice). 



paraformaldehyde (pH 7.4) in PBS. Spinal cord segments 5 mm long 
(2.5 mm rostral and caudal to the impact site) were removed and post- 
fixed in parafonnaldehyde overnight and then embedded in parafiin. 
Serial transverse sections (20 ^ thick) were cut, and one of every 40 
sections was saved for lesion size measurement. The sections were 
stained with Luxol Fast Blue, by which residual white and gray matter 
are easily distinguished from the lesioned area, and Cresyl Violet to 
visualize neurons.^'* The damaged area of spinal cord was characterized 
by neuronal loss and weakly stained tissue (Fig. 6B-E). The images of 
the stained specimen were captured by a digital photographic camera 
(Sony DKC-5000) and analysed with a Scion Image System (NIH 
image 6.1) for morphometric measurement. Total lesion volumes 
were computed by integrating the lesion area of each section and the 
distance between two sections (0.8 nun) (Total lesion volume = lesion 
area of section 1 x 0.8/2 + lesion area of section 2 X 0.8/2 + lesion area 
of section 3x0.8/2+ ...+ lesion area of section 10x0.8/2). All 
lesion volume analyses were performed by a blinded investigator. 

Data analysis 

Data are presented as mean ± S.E.M. Statistical comparisons anK)ng 
three different groups (vehicle-treated, zVAD-treated and NSE-M17^ 

for lesion volumes were made by one-way analysis of variance 
(ANOVA) with post- test. The behavioral outcomes were analysed by 
a two-way ANOVA with repeated measures and significant two-way 
ANOVA was followed by the Scheffe test (acceptable P < 0.05) to 
perform a series of the mean comparisons. The statistical programs 
Statistical Analysis System and GraphPad InStar were used in the 
statistic analysis. 

RESULTS 

N'Benzyloxycarbonyl- Val-A la-Asp-fluoromethylketone treat- 
ment and caspase-X -dominant negative mutant expression 
inhibit post-spinal cord injury-mediated apoptosis 

To determine whether apoptotic cell death played a role in 
the mouse SCI weight drop model, we performed TUNEL 
staining and evaluated the presence of oligonucleosoraal 
DNA degradation in traumatized spinal cord tissue. Apoptotic 
cells, some of which were stained with neuronal-specific 



markers, were incrementally detected at 8, 24 and 48 h 
following trauma (Figs lA-D, 2A-C). Distinct oligo- 
nucleosomal DNA fragmentation was detected superimposed 
on random DNA degradation, represented as a smear of 
various molecular weights, suggesting that both apoptotic 
and necrotic cell death played a role in our mouse SCI 
model, which was reduced in zVAD-fmk- (a broad spectrum 
caspase inhibitor) treated mice (Fig. IE). The extent of 
apoptotic cell death, as evaluated by TUNEL staining, was 
reduced in mice treated with zVAD-fmk and in the caspase- 1- 
dominant negative mutant transgenic mice by 50.2% and 
54.0%, respectively (n = 3/group, P< 0.0001; Fig. 2A-C vs 
G-I, M-0 and Table 1). Treatment with the caspase inhibitor 
was performed by placing a collagen sponge loaded with 
eitiier zVAD-fmk (10 p.g) or vehicle solvent and placing it 
over the spinal cord following the injury. TUNEL-positive 
cells and DNA degradation were not detected in sham- 
operated mice. 

Caspase-l and caspase-3 are activated following spinal cord 
injury 

Detection of mature IL-lp has been used as a sensitive and 
specific marker to determine caspase-1 activation since, in 
mice, caspase-1 is the major (if not the only) enzyme able 
to cleave pro-lL-ip.^*'^^'^*-^^ Twenty-four hours following 
trauma, mature IL-lp levels were 17-foid higher in vehicle- 
treated mice when compared with sham-operated mice 
(P < 0.001). Following SCI, zVAD-fmk treatment or mutant 
caspase-1 expression resulted in a 52.3% and 60.4% reduction 
in caspase-1 activity, respectively, when compared with 
traimiatized wild-type untreated samples. These results 
demonstrate SCI-mediated caspase-1 activation, which is 
inhibited by local zVAD-fmk delivery or mutant caspase-1 
expression (Table 2). 
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^ 24 hours 48 hours 

zVAD-fiiJc treatment (G-I), or by mutant caspase-l exp^^^^^ 

of the same sections as (A-C, G-I, M-0) counter-stained with Hoechst 33342. ^) miagcs 

We assayed for the active subunits of caspase- 1 and caspase-3 
after SCI by western blotting. The immunoreactive bands of 
caspase- 1 (20,000 mol. wt) and caspase-3 (17,000 moL wt) 
were detected in spinal cord lysates 24 h after SCI. No evidence 
of the active subunits was demonstrated in sham-operated mice. 
Detection of cleaved caspase- 1 and caspase-3 immunoreactive 
subunits was significantly decreased in zVAD-fmk-treated mice 
(Fig. 3). Caspase activation can result both from autocatalysis or 
activation by other activated caspases.^^-^^ zVAD-fmk broadly 
inhibits caspase activity, blocking both processing of general 
caspase substrates, as well as generation of activated caspase- 
1 and caspase-3. 



Table 1, Number of TUNEL- positive cells 24 h post-SCI was significanUy 
inhibited in zVAD-fmk-treated and NSE-M17Z mice, compared with 
vehicle-treated wild-type mice 





Number of TUNEL-positive cells 


/'-value 


Wild-type/vehicle 

Wild-type/zVAD-fink 

NSE-M17Z 


127.7 ±11.1 

63.6 ± 6.7 

58.7 ±5 


< 0.001 

< 0.001 



Cells were counted under X40 magnification (n = 3/group, ANOVA). 
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Table 2. Mature IL-lp levels were measured using an ELISA specific for 
the mature fonn of the cytokine 





Mature IL-lp (pg/mg tissue weight) 


P-value 


Sham 


0.07 ±0.01 




SCI/vehicle 


1.21 ±0.25 


< 0.001* 


SCiyZvAD-fmk 


0.58 ± 0.03 


= 0.01** 


SCI/NSE-M17Z 


0.48 ±0.12 


= 0.02*** 



Following spina! cord injury, mature IL-lp levels in vehicle-treated mice 
were 17-fold higher than in sham-operated mice. zVAD-fmk treatment 
and NSE-M17Z expression produced a 52.3% and 60.4% decrease, 
respectively, in post-SCI mature EL-lp production compared with 
wild-type vehicle-treated mice. Data are presented as mean ± S.E.M. 
and analysed by one-way (n = 3, ANOVA). 

♦P-value for comparison to sham-operated wild-type mice. 

**P-value for comparison to vehicle-treated wild-type mice after spinal 
cord injury. 

***P-value for comparison to vehicle-treated wild-type mice after spinal 
cord injury. 
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Fig. 3. Post-SCI caspase-1 and caspase-3 activation. (A) Detection of the 
caspase-1 active p20 subuniL (B) The caspase-3 active pl7 subunit by 
western blot from spinal cord lysates 24 h after trauma. The active subunit 
was significantly reduced in zVAD-fmk-treated mice (lane 3) when 
compared with vehicle-treated mice (lane 2). No immunoreactive product 
was detected in sham-operated mouse (lane 1). These blots are representative 
of three independent experiments. 



Detection of neuronal and non-neuronal caspase-X- 
caspase'34ike signal following spinal cord injury 



and 



Significant controversy exists regarding the cell types 
expressing caspase-1 and caspase-3 in the central nervous 
system. Using the caspase-1 antibody and biotinyiated 
DEVD-CHO (an activated caspase-3-like marker), and a 
specific neuronal marker to identify neurons (anti-NeuN),^^ 
we stained spinal cord sections from sham-operated mice. No 
caspase-1- or caspase-3-like staining was detected in sections 
from sham-operated mice (Figs 4C, 5C). However, clear 
caspase-1- and caspase-3-like staining was detected in both 
NeuN-positive and NeuN-negative cells demonstrating 
caspase-1- and caspase-3-like induction following SCI (Figs 
4E-L, 5E-L). At the epicenter of the lesion, caspase-1- and 
caspase-3-like staining was detected in 77% and 69% 
respectively of NeuN-positive cells (345 neurons counted in 
three mice). As a control, preincubation with DEVD-CHO 
significantly blocked subsequent biotinyiated DEVD-CHO 
binding (Fig. 5M-P). In addition, biotinyiated DEVD-CHO 
binding colocaUzed with caspase-3 immunostaining (Fig. 
5Q-T). No staining was detected in sections incubated with 
the flourescent Ugand without the caspase-l antibody or 
biotinyiated DEVD-CHO. Cytoplasmic and nuclear caspase 
stainings were both detected, likely demonstrating cells in 
different stages of cell death. Caspase-l contains a nuclear 
localization signal, and cell death-associated nuclear trans- 
location has been previously described in vitro. ■^^ These 
findings are consistent with the ELISA and western blot 
results. In sham-operated mice, minimal mature IL-ip was 
detected (Table 2), and there were no detectable caspase-1 or 
caspase-3 inmiunoreactive bands (Fig. 3A, lane 1; Fig. 3B, 
lane 1). Furthermore, post-SCI samples demonstrated a robust 
increase in caspase-1 activity (Table 2) as well as marked 
caspase-1 p20 (Fig. 3A, lane 2) and caspase-3 pl7 (Fig. 3B, 
lane 2) immunoreactivity. These findings show that caspase-1 - 
and caspase-3 -like signals are induced in both neuronal and 
non-neuronal cells following SCI. 
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Fig. 4. Induction of neuronal and non-neuronal post-SCI caspase-1. (A-D) Spinal cord sections of a sham-operated mouse. (E-H and I-L) Two spinal cord 
sections at the lesion epicenter from traumatized mice 24 h following the injury. (A, E, I) Hoechst 33342 staining, (B, F, J) NeuN staining. (C. G, K) Caspase-1 
staining. (D, H, L) Merged images of NeuN and caspase-1. In the merged images, both caspase-1 cytoplasmic and nuclear stainings were evident in neuronal 

and non-neuronal cells. 
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Hoechst 33342 



NeuN 



Biotin-DEVD-CHO NeuNmiotin-DEVO*CHO 




Hoechst 33342 CMl Biotln-DEVCM^HO CM1/B(otin-DEVD-CHO 

Fig. 5. Induction of neuronal and non-neuronal post-SCI caspase-3 like activity. (A-D) Spinal coid sections of a sham-operated mouse. (E-T) Spinal cord 
sections at the lesion epicenter from traumatized mice 24 h following the injury. (A. E, I, M, Q) Hoechst 33342 dye staining. (B, F, J, N, R) NeuN staining (C 
G, K, O, S) Active caspase-3-like staining (biotinylated DEVD-CHO). (D, H, L, P) Merged images of NeuN and caspase-3-like staining. In the merged images 
caspase-3-like cytoplasmic and nuclear staining were demonstrated in neuronal and non-neuronal cells. (M-P) Sections preincubated with ncm-biotinyl^ 
DEVD-CHO prior to biotinylated DEVD-CHO revealed blocking of specific DEVD bmding (O). (Q-T) Colocalization of activated caspasc-3 antibody 

binding (CMl) with biotinylated DEVD-CHO (f). 



Post-spinal cord injury neurological deficits and lesion 
size are inhibited by N-benzyloxycarbonyl-Val-Ala-Asp- 
fluoromethylketone and by expression of a caspase-l'domin- 
ant negative mutant 

To assess post-SCI neurological deficits following trauma, 
as well as the effect of zVAD-fmk u-eatment (Fig. 6A--C) and 
mutant caspase-1 expression (Fig. 6D-F) on motor function, 
a battery of tests was used by a blinded observer to evaluate 
the mice for a period of three weeks. All mice were paraplegic 
following trauma, with gradual neurological recovery over 21 
days. A two-way ANOVA with repeated measures revealed 
significant interaction between SCI group and test time in all 
behavioral tests: pain witiidrawal test (zVAD/control) F1679 = 
42.54, P< 0.0001; pain withdrawal test (M17Z/WT) 
F,3,49= 12.78, P< 0.0001; platform (zVAD/control) F,6,78 = 
9.69, P< 0.0001; platform (M17ZAVT) Fi349 = 7.41, 
0.0001; open-field (zVAD/control) Fi679= 14.81. P< 
0.0001; open-field (M17ZAVT) F,3,49= 15.39; P<0.000L 

All behavior tests, except for the platform test (zV AD-fmk/ 
control), demonstrated a significant improvement following 



SCI by either zV AD-fmk treatment or mutant caspase-1 
expression when compared with vehicle-treated wild-type 
mice. Of the zVAD-fmk-treated and caspase-1 -dominant 
negative mice, 80% and 83%, respectively, achieved a weight 
bearing functional recovery (grade 3 or better on the open- 
field testing), compared with 13% in the control group 
(Fig. 6C, F). Significant differences between die two groups 
were not detected m any of the tests prior to day 5, suggesting 
that caspase inhibition does not affect the symptomatic mani- 
festation resulting from the initial injury. However, delayed 
cell death, likely resulting from caspase-mediated apoptotic 
mechanisms, was inhibited by zVAD-fmk and by mutant 
caspase-1, therefore providing neurological protection from 
the delayed consequences of the initial injury. 

To evaluate the effect of caspase inhibition, serial sections 
stained with Luxol Fast Blue and Cresyl Violet were examined 
by light microscopy for morphometric lesion analysis. The 
injured tissue was easily distinguished from spared tissue by 
a clear boundary, as demonstrated in Luxol Fast Blue-stained 
sections. The lesioned area was replaced by a dense astroglial 
scar (Fig. 7A-D). Mice treated with zVAD-ftnk or expressing 
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Fig. 6. zVAD-fmk and mutant caspase-1 expression improve post-SCI neuiDlogical outcome. zVAD-fmk-treated (A-C) and mutant caspase-1 transgenic (D-F) 
mice were blindly evaluated for a period of three weeks following traunoa using the pain withdrawal test (A, D), the platform test (B, E), and the open field test 
(C, F). All mice were paraplegic following trauma, with gradual neurological recovery over 21 days. All three Actional tests, except for the platform test (B), 
demonstrated a significant improvement in the zVAD-fimk-treated and mutant caspase-1 transgenic groups (drcles. solid line) compared with the control 
(squares, dashed line) (n= 5-8/group, Scheffe test, *P<0.05). Significant differences were not detected prior to day five. 



mutant caspase-1 had a 38.2% and 49.3% reduction in lesion 
size, respectively, when compared with wild-type vehicle- 
treated mice (Table 3, n = 5-8/group, ANOVA. P< 0.05, 
P<0.01). In addition, to further validate our trauma 

model as well as the relation of the lesion size and the 
behavioral score, the Pearson product moment correlation 
was calculated between the two variables. We found a high 
degree of correlation between behavioral score and lesion size 
(r = -0.94. P < 0.001. Fig. 7E). 

DISCUSSION 

This study demonstrates for the first time both caspase-1 
and caspase-3 activation in neuronal and non-neuron al cells 
following SCI. Adding therapeutic relevance to diis finding, 
local delivery of zVAD-fmJk, or use of a caspase-1 -dominant 
negative transgenic mouse, reduced post-traumatic tissue 
damage and improved neurological recovery. Recently, 
apoptotic cell death has been detected following SCI in rats, 
monkeys and humans. Apoptotic cell death following SCI 
was first detected in an experimental rat model. In a rat model, 
TUNEL-positive cells were detected from 4 h to three weeks 
after SCI, suggesting that a prolonged post-traumatic 
therapeutic window might exist for intervention.^'* Apoptotic 
cell death was also detected in remote degenerating fiber 
tracts in monkey, suggesting that apoptosis is associated 



with Wallerian degeneration of long spinal tracts.* More 
recently, a study of 15 patients who died between 3 h and 
two months after SCI reported apoptotic cell death in 
human spinal cords.' Cycloheximide, an inhibitor of protein 

synthesis, has been demonstrated to reduce SCl-mediated 
tissue damage and improve motor recovery. The beneficial 
effect of cycloheximide treatment might have resulted from 
inhibition of protein synthesis-dependent apoptosis.* 

Since apoptotic cell death occurs in all the spinal cord 
cellular components, including neurons, astrocytes, oligo- 
dendrocytes, and microglia, decreased lesion size as well as 
improved motor fimction likely result from inhibition of cell 
death in all the different cell types. *'^'' Neuronal protection is 
clearly important because of the inability of neurons in the 
spinal cord to regenerate. Despite the fact that glia can regen- 
erate, inhibiting glial death confers neuroprotection by at least 
two likely mechanisms. First, glia supply neurotrophic and 
metabolic support to injured neurons as well as to axonal 
padiways likely required for recovery of sublethal injured 
cells. Second, during apoptosis, dying cells secrete 
additional mediators of apoptosis, such as cytokines, and free 
radicals, which have an additive toxic effect to other adjacent 
cells, likely enhancing further neurodegeneration.'^^''^-^ 

In the present study, we demonstrate that, following SCI, 
TUNEL-positive cells were detected in increasing numbers at 
8, 24 and 48 h. TUNEL-positive cells were first detected (8 h) 
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Fie 7 zVAD-fmk and mutant caspase-1 expression reduce post-SCI tissue injury. (A-D) Spinal cord sections stained with Luxol Fast Blue and Cresyl Violet. 
(A) Nonnal spinal cord. (B, C) Representative slices at the lesion epicenter in vehicle (B) and zVAD-fmk-treated mice (C). (D) Under high magnification, 
there is a clear border between post-tmumatic scar and normal tissue (white arrows). (E) Analysis of the correlation factor on ^dividual mice between 
total behavior score (sum of the three behavioral tests at day 21) and lesion size (diamond = vehicle-treated wild type, circle = zVAD<fmk treated, and 
triangle = NSE-M17Z) {r- -0.94, /»< 0.001, Pearson product moment correlation test). 



adjacent to the site of injury where the magnitude of the 
triggering event is maximum. However, TUNEL-positive 
cells were also detected at later times (24 and 48 h) at 
increasing distances from the site of impact. As seen in 
cerebral ischemia models, this finding is consistent with a 
graded activation of apoptotic pathways, wherein the time 
for detection of TUNEL positivity is proportional to the 
severity of the insult. With immunohistochemistry we 
demonstrated that apoptosis occurs in both neuronal and 
non-neuronal cells. Consistent with experimental SCI models 
in rats,^ we demonstrated DNA fragmentation in the mouse 
weight-drop SCI model. In addition, diis is the first study to 



demonstrate specific neuronal expression of both caspase-1 
and caspase-3 following spinal cord injury. 

Caspase-1 appears to play a role in tissue injury by 
participating in both apoptotic and inflanunatory pathways. 
Caspase-1 -mediated generation of mature IL-ip has been 
demonstrated to play a role in neuronal cell death as well as 
in inflammatory pathways. '"^•^^■^^ Decreased tissue damage 
and improved neurological outcome resulting from caspase-1 
inhibition likely result from interfering with both apoptotic 
and inflammatory pathways. Our findings do not distinguish 
the possible contributions to delayed neurodegeneration 
resulting from these two important mechanistic pathways. 
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Table 3. Total lesion volume four weeks after SCI in mice treated 
with zVAD-fmk and NSE-M17Z mice had a 38.2% and 49.3% reduction, 
respectively, when compared with those in vehicle-treated mice (n = 5-8/ 
group, ANOVA) 





Lesion volume (mm^) 


P-value 


Wild-type/vehicle 


0.55 ± 0.04 




Wild type/zVAD-fmk 


0.34 ± 0.08 


<0.05 


NSE-M17Z 


0.28 ± 0.03 


<0.01 



Effective therapy following SCI requires a comprehensive 
approach targeting several potential reversible factors 
contributing to delayed neurological dysfunction. Local 
components responsible for acute post-SCI neurological deficits 
can be reversible or irreversible. At present, irreversible 
factors include cord transection and interruption of axonal 
pathways. If treated sufficiently early, potentially reversible 
factors include compression-mediated ischemia, astroglial 
scar formation, cell death, damage resulting from swelling, 
inflammation and oxidative stress.^ Potential agents targeting 
different reversible factors include inhibitors of swelling and 
infianmiation (steroids, caspase-1 inhibitors), inhibitors of 
scar formation (CMlOl), apoptosis inhibitors (caspase 
inhibitors), inhibitors of excitotoxins (memantine), among 
others. As demonstrated in this study, following acute 
surgical decompression and stabilization, local delivery of 
caspase inhibitors can be one of the components of an SCI 
treatment protocol in humans. Unlike the case in traumatic 
brain injury, the localized nature of the injury makes the 
spinal cord particularly suited for the local delivery of a 
therapeutic agent such as a caspase inhibitor. 

Using in vivo models, previous studies have demonstrated 



in mice that caspases are important mediators of apoptosis 
induced by both acute and chronic CNS insults, including 
brain traimia, cerebral ischemia, amyotrophic lateral 
sclerosis, Huntington's disease, and Parkinson*s disease.*^"** 
Pharmacological inhibition of caspase- 1 or expression of a 
dominant negative caspase- 1 inhibitor in transgenic mice 
produced substantial neurological and survival improvement 
in the above cell-death paradigms. Caspase-3, another 
important mediator of apoptosis, has also been implicated to 
conuibute to neuronal apoptotic cell death in trauma and 
ischemia as well as in neurodegenerative diseases, 
Caspase-3 activation has recently been demonstrated in 
human spinal cord samples following SCI.' Data presented 
here demonstrate in a mouse model that both caspase- 1 and 
caspase-3 are activated after SCI and that pharmacological 
inhibition with zVAD-fmk significantly blocked their 
activation as well as decreased the extent of SCI-induced 
apoptosis. Moreover, caspase inhibition by either local 
delivery of zVAD-fmk or expression of a caspase- 1 -dominant 
negative mutant significantly reduced lesion size and 
improved motor function following SCI. These results 
demonstrate for the first time an important functional role 
for caspase-mediated apoptosis in tissue damage and 
neurological dysfunction following SCI. Therefore, caspase 
inhibition could be a rational targeted strategy for the 
treatment of SCI. 
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